The effects of routine sperm work are often overlooked. We assessed the effect of washing cryopreserved 16 epididymal spermatozoa from red deer. After thawing, epididymal samples (four stags) were diluted in 17 TALP-HEPES. A split was left untouched, other was centrifuged (300×g, 5 min) and resuspended, and a 18 third one was centrifuged and the supernatant substituted by fresh TALP-HEPES (washing). Each split 19 was supplemented either with nothing, 1 mM of the antioxidant Trolox, 100 µM of the oxidant Fe 2+ (with 20 ascorbate), or both. The 3×4 treatments were incubated at 37
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Introductionpellet resuspended in fresh medium). 116
Each tube was split again among four tubes, adding: 1) nothing; 2) 1 mM Trolox; 3) 100 µM 117
Fe
2+ /1 mM ascorbate (oxidant); 4) 1 mM Trolox and oxidant. The twelve tubes (three manipulations, four 118 supplements) were incubated at 37
• C, and assessed at 0, 1, 2 and 3 h of incubation. The analyses 119 performed at these times were motility (using computer aided sperm assessment -CASA) and 120 physiological parameters using flow cytometry: viability, "apoptosis" and mitochondrial status. After 4 h 121 of incubation, samples were fixed and processed for assessing DNA status (TUNEL test). The experiment 122 was triplicated within each male. 123
CASA analysis 124
Sperm were diluted down to 10-20×10 6 spermatozoa/ml and loaded into a Makler counting chamber 125 (10 µm depth) at 37
• C. The CASA system consisted of a triocular optical phase contrast microscope 126 (Nikon Eclipse 80i; Nikon; Tokyo, Japan), equipped with a warming stage at 37
• C and a Basler A302fs 127 digital camera (Basler Vision Technologies, Ahrensburg, Germany). The camera was connected to a 128 computer by an IEEE 1394 interface. Images were captured and analyzed using the Sperm Class Analyzer 129 (SCA2002) software (Microptic S.L.; Barcelona, Spain). Sampling was carried out using a ×10 negative 130 phase contrast objective (no intermediate magnification). Image sequences were saved and analyzedSamples were diluted down to 10 6 spermatozoa/mL in flow cytometry PBS with 5 µM Hoechst 33342, 140 0.1 µM YO-PRO-1, 10 µM PI and 0.1 µM Mitotracker Deep Red. After 20 min in the dark, the samples 141 were run through a flow cytometer. YO-PRO-1 is a probe capable of staining early-apoptotic cells (with 142 intact plasmalemma, not stained by PI, but showing increased permeability), whereas Mitotracker Deep 143
Red labels active mitochondria (with high mitochondrial membrane potential, ∆ψ m ) [31] . The membrane 144 impermeant PI was used to identify spermatozoa with damaged plasmalemma, and Hoechst 33342 stained 145 all nuclei, aiding at discarding non-cellular debris from the analysis. 146
TUNEL assay 147
We used the TUNEL method [terminal deoxynucleotidyl transferase (TdT)-mediated dUTP nick 148 end-labeling assay] to assess the presence of spermatozoa with nuclear DNA strand breaks, following the 149 manufacturer's instructions (ApoTarget TM APO-BRDU Kit; Invitrogen, Barcelona, Spain). Briefly, 150 spermatozoa diluted in PBS (10 mill./mL) were fixed for 1 h in 2% paraformaldehyde. The cells were 151 washed with PBS, pelleted and resuspended with ethanol at 0
• C. The samples were left at -20 • C 152 overnight. Then, the cells were washed twice using the Wash buffer provided with the Kit, adding the 153 DNA labeling mixture after removing the Wash buffer. After 60 min at 37
• C (with agitation), the cells 154 were washed twice using the Rinse buffer. Finally, the cells were resuspended in the antibody solution 155
(FITC-Anti-BrdUTP mAb) and incubated for 30 min at room temperature in the dark. Samples were 156 resuspended in a PI/RNase A solution and analyzed by flow cytometry within 2 h. Positive (incubation of 157 fixed cells with DNase A) and negative controls (substituting water for the DNA labeling mixture) were 158 used to standardize the assay. 159
Flow cytometry analyses 160
The flow cytometer was a Becton Dickinson LSR-I model (BD Biosciences, San José, CA, USA), 161 furnished with a 325 nm He-Cd (excitation for Hoechst 33342), a 488 nm Ar-Ion laser (excitation for 162 YO-PRO-1, PI and TUNEL), and a 633 nm He-Ne laser (excitation for Mitotracker Deep Red). 163
Fluorescence from Hoechst 33342 was read with the FL5 photodetector (424/44BP filter), YO-PRO-1 and 164 was read with the FL3 photodetector (670LP filter), and Mitotracker Deep Red was read with the FL6 166 photodetector (670/40BP filter). FSC/SSC signals and Hoechst fluorescence were used to discriminate 167 spermatozoa from debris. Fluorescence captures were controlled using the Cell Quest Pro 3.1 software 168 (BD Biosciences, San José, CA, USA). All the parameters were read using logarithmic amplification. For 169 each sample, 5000 spermatozoa from each sample were recorded, saving the data in flow cytometry 170 standard (FCS) v. 2 files. The analysis of the flow cytometry data was carried out using WEASEL v. 2.6 171 (WEHI, Melbourne, Australia). The YO-PRO-1/PI/Mitotracker Deep Red staining was analyzed as 172 previously described for red deer [31] . For analyzing sperm viability and "apoptosis", three 173 subpopulations were identified: viable (YO-PRO-1-/PI-), "apoptotic" (YO-PRO-1+/PI-) and membrane 174 damaged (PI+); for analyzing mitochondrial status, the YO-PRO-1+ events were was gated out before 175 assessing the percentage of spermatozoa with high mitochondrial membrane potential (Mitotracker+), 176 therefore using only the viable-non-apoptotic subpopulation. We had confirmed [31, 32] that any 177 YO-PRO-1+ spermatozoa have high mitochondrial membrane potential (∆ψ m ). Thus, we termed 178 appropriate to consider only the YO-PRO-1-subpopulation for studying mitochondrial status, preventing 179 the confounding effect of varying "apoptotic" or "necrotic" subpopulations. For TUNEL analysis, the 180 negative control allowed to define the TUNEL-population, thus events with increased fluorescence were 181 counted as TUNEL+ cells. 182
Statistical analysis 183
For the statistical analysis, we used the R statistical environment [33] (results are shown as means and 184 standard errors.). To analyze the effects of time, processing (none, centrifugation or washing) and 185 supplement (none, oxidant and/or antioxidant) on sperm parameters, we used linear mixed-effects models, 186 nesting replicates within males and using them as the random part of the models. In a second analysis, we 187 evaluated the between-male variability regarding the response to the treatments. Moreover, in order to 188 disclose the subpopulation structure of each sample according to motility characteristics for each 189 spermatozoa, CASA data was processed by cluster analysis. Briefly, we first chose VAP, STR, ALH andproportion of each cluster in each sampling was studied in the same manner than the rest of the parameters. 195
In general, any of the processing treatments had a dramatic effect in sperm quality, but there were 197 important interactions among the effects of the supplements and the processing. Sperm motility ( accompanied by an increase of Cluster 2, but at 2 and 3 h it was Cluster 1 which increased in turn (in eachsample, the sum of the three subpopulations is 100%, therefore a variation in one of them must be 220 accompanied by variations in the other two). The decrease of Cluster 3 in presence of the oxidant was 221 prevented by Trolox supplementation (P=0.002). 222
The analysis of sperm physiology by flow cytometry (Fig. 4) Although the samples from the four males (1-4) initially differed for most of the parameters 238 (P<0.05), the effects of processing and supplements were generally not significantly different among 239 them, suggesting a similar response between males. Nevertheless, we could detect some interactions 240 between the male factor and the treatments and supplements. Thus, motility loss was larger for male 4 241 when washed samples were challenged with the oxidant (P=0.009), whereas male 1 seemed to be more 242 resilient to such a change (P=0.030). Similarly, male 1 seemed to be less prone to decreasing VCL and 243 males. The between-male variability was lower for the physiological parameters assessed by flow 247 cytometry, even when considering starting values (P>0.1). However, TUNEL analysis showed a lower 248 susceptibility for DNA damage in males 2 and 3 after washing and oxidative stress (effect of 249 -37.20±12.76, P=0.005 and -25.97±12.76, P=0.047, respectively, compared to male 1). 250
Discussion 251
The results obtained in this study support that red deer spermatozoa are fairly resilient to centrifugation 252 and washing, as noticed in other ungulates more than 30 years ago [34] . Our results agree with those of 253
Varisli et al. [10] , who submitted spermatozoa from mouse, rat, bull, ram and boar to the mechanical stress 254 caused by multiple pipetting. Whereas the motility of rat and mouse spermatozoa was severely affected by 255 the mechanical stress, the samples from the ungulates were not significantly affected. In our study, 256 submitting the spermatozoa to the mechanical stress caused by centrifugal forces and pellet packing had 257 no important effects on any of the analyzed parameters, even after 3 h of incubation. It seems that, as 258
proposed by Varisli et al. [10] , the size and shape of the spermatozoon greatly influences its resistance to 259 shear forces, including centrifugation. In fact, in the same study, These authors (and previously Katkov 260 and Mazur [9]) showed the susceptibility of rat spermatozoa to centrifugation, especially considering 261 motility. This is not to say that centrifugation does not affect spermatozoa from ungulates, but that the 262 effect is small enough to be concealed by any beneficial outcome [6, 11, 34] . Spermatozoa from other 263 species, but also smaller than rodent spermatozoa, seem to resist well centrifugation too [2] . 264
However, sperm size alone does not fully explain the susceptibility to mechanical stress, since 265 human spermatozoa seem to be prone to centrifugation damage [5, 7, 8] . It is possible that membrane 266 composition or predisposition for osmotic shock could have a role in the loss of quality after 267 centrifugation. In fact, we noticed a small overall negative effect of washing, but not centrifugation alone, 268 on sperm motility. Therefore, the modification of the medium after pelleting caused that part of the 269 spermatozoa became immotile. In our study, we have used cryopreserved epididymal spermatozoa, 270 therefore we can rule out any effect due to the removal of seminal plasma proteins. Other explanation that 271 we can discard is that the loss of motility was caused by the generation of ROS, an event associated to 272 mechanical stress in human semen [12, 15] , since the antioxidant Trolox could not prevent this loss of 273 motility, whereas it was effective when the oxidant was added to the medium. A likely explanation is thatthe removal of the remaining egg yolk and glycerol from the freezing extender would have osmotically 275 challenged sensitive spermatozoa, or have caused membrane changes conducting to loss of motility. 276
Nevertheless, this loss of motility was relatively small, it did not increased with incubation time, and it did 277 not reflect on the rest of parameters analyzed. 278
Therefore, we could not detect any effect of centrifugation, and the effect of washing was very 279 limited. However, as soon as we added the oxidant, sperm quality of the washed samples decreased, while 280 diluted or centrifuged samples remained largely unaffected. These results agree with our previous study 281
[32], in which the effect of Fe 2+ in non-washed samples was very limited. We found that the 282 Fe 2+ /ascorbate system (100 µM Fe 2+ ) readily increased intracellular ROS, but that increase did not cause 283 any change in sperm quality, except for an immediate but small decline of motility and a late (3 h at 37
• C) 284 increase of lipid peroxidation. This lack of effect was strikingly different from those observed using 285 hypoxathine/xanthine oxidase or hydrogen peroxide, which caused a quick drop of sperm motility and 286 mitochondrial inactivation. It seems that thawed red deer spermatozoa are little affected by Fe 2+ /ascorbate 287 (producing hydroxil radical), provided that samples are simply diluted, and irrespective of being submitted 288 to mechanical stresses such as centrifugation. That contrasts with the human spermatozoon, which seems 289 to be highly prone to lipoperoxidation and loss of motility in presence of Fe 2+ [35-37]. In fact, it has been 290 shown that Fe 2+ is a very potent promotor of lipid peroxidation in human spermatozoa, in doses and times 291 lower than those employed here [38] . In the present study, we did not assess lipid peroxidation, but our 292 previous results (Martinez-Pastor et al. [32] , and unpublished data) suggest that the incidence of 293 Fe 2+ -induced lipoperoxidation would be minimal. 294
Contrasting to control and centrifuged samples, washed samples submitted to oxidative stress 295
showed an important decrease of motility, kinematic parameters and mitochondrial activity, while 296 moderately decreasing the proportion of viable spermatozoa. This is the same kind of response we 297 previously detected in thawed spermatozoa submitted to hydrogen peroxide not be only directly exerted by scavenging free radicals, but it can also be indirect, helping to maintain and 314 recover the normal distribution of antioxidant enzymes [42] . 315
Thus, the dramatic effect of induced oxidative stress on washed samples indicates that such a 316 treatment increases considerably the susceptibility of red deer sperm samples to the oxidative insult. 317
However, the results in absence of induced oxidative stress suggest that, since our samples seem little 318 prone to trigger ROS production after centrifugation stress, this problem might be a minor concern in 319 artificial reproductive techniques. Conversely, notable ROS production has been described for human 320 spermatozoa in different experimental conditions [14, 43- ROS levels after washing human spermatozoa, and when antioxidants were added to the washing media, 323 that effect was ameliorated. As noted previously, in the present study and in previous reports [31, 32] we 324 could not detect differences among red deer samples treated or not with antioxidants, unless we added 325 oxidative agents. 326
The differences between males suggest a differential response to oxidative stress depending on 327 individual factors. While feeding or body condition surely influences sperm ability to sustain oxidative 328 stress (through changes in membrane composition, availability of vitamins and expression of antioxidant 329 after washing was common to the four males analyzed, but there were important differences on how that 333 susceptibility was expressed. The differences found on the different levels of DNA damage highlight the 334 need for improving the sperm work techniques to prevent damage to samples from susceptible males, since 335 thoroughly tested protocols might still be detrimental to these samples, spoiling genetically important 336 germplasm. 337
It is interesting to consider our results regarding the subpopulation analysis of the motility data. 338
Since the proportions of the three subpopulations studied did not differ significantly across times or 339 treatments (centrifugation or washing), we propose that the internal structure of the samples remained 340 stable, despite of the decrease of total motility. Therefore, the oxidative stress not only lowered the 341 percentage of motile spermatozoa in the washed samples, but also disrupted their subpopulation pattern 342 (which we observed previously during the cryopreservation protocol [51]). However, the alteration of the 343 subpopulation pattern was most evident at longer incubation times (2 and 3 h), which might be associated 344 with the loss of mitochondrial activity, as noted previously [31] . 345
In conclusion, we have found that centrifugation alone seems to have little effect on the quality of 346 thawed deer spermatozoa, but washing incremented their susceptibility to exogenous oxidative stress. Our 347 results suggest a higher resilience of deer spermatozoa to procedures involving centrifugation, very 348 differently to studies on rodents or human spermatozoa. Although our results suggest that damage due to 349 oxidative stress after washing could be a minor concern in red deer spermatozoa, we propose the addition 350 of simple antioxidants to the manipulation media, since they could protect thawed spermatozoa against 351 eventual oxidative stress during routine procedures, in other experimental settings (different media, longer 352 incubation times, etc.). In fact, one of our most important findings is the capacity of the antioxidant 353 treatment preventing DNA damage in washed samples. It must be taken into account that DNA damage, 354 contrarily to our experiment, can also occur without a corresponding alteration in sperm motility [52] , 355 being thus unnoticed, and making necessary to provide protective measures during sperm manipulation.
washing, including DNA damage, was clearly detectable. The use of an antioxidant could prevent that amild oxidative stress would spoil a susceptible sample during preparation. Moreover, we used thawed 359 samples from the epididymis, whereas treating ejaculated semen might be more risky, since washing 360 involves removing seminal plasma. Several studies on small ruminants have highlighted the importance of 361 seminal plasma on the maintenance of membrane stability and on the integrity of the antioxidant system of 362 the spermatozoa. Therefore, the use of antioxidants in preparation media could be even more important in 363 these cases, and should be thoroughly explored. 
